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A functional cementitious composite for smart structures has attracted much attention due to their
potential possibilities of application. In this paper, the accelerated curing and thermal cracking reduction
with carbon nanotube (CNT)/cement composites are studied experimentally and theoretically. The heat-
ing element was fabricated by incorporation CNT into cement, and the cementitious composite block was
placed in the middle of mortar samples. In order to generate and evaluate the heating performance, cop-
per wires connected to the composite block were extended to a DC power supply. The variations of mate-
rial characteristics including curing, thermal, electrical and mechanical properties of both the composite
block and the sample were investigated. The experimental test results showed that the proposed curing
was capable of improving the compressive strength by 40% at 24 h. In addition, based on the experimen-
tally obtained material constants, a series of thermal analysis of mitigation level of thermal crack in larger
scale were carried out. The electrically conductive CNT/cement composite block was found to be appli-
cable to the cement mortar curing and reduction of thermal cracking of massive concretes structures.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The strength development of concrete is dictated by the hydra-
tion reaction of the cement, which is influenced by curing condi-
tions such as the temperature and humidity during the early
stage of curing [25]. The curing condition is therefore responsible
for the development of phases in concrete which can resist exter-
nal force, preventing the formation of cracks to develop sufficient
strength and ultimately enhancing the durability [1,38]. In partic-
ular, the hydration reaction at an early age is highly dependent on
the temperature [16]. This implies that an increase in the curing
temperature increases the rate of the hydration reaction, enhances
the development of strength and ultimately reduces the construc-
tion period [32]. Early strength development in concrete by various
accelerated curing methods has been a subject of numerous stud-
ies [30,34,45,21].

Steam curing and autoclave methods are the most conventional
techniques in the construction practice [30,34]. These methods,
however, strongly rely on the conduction of heat from the exterior
[27]; therefore, the heat flux is distributed non-uniformly [17]. In
addition, these approaches require the use of expensive equipment
[17,28]. Xuenquan et al. [45] and Leung and Pheeraphan [27] pro-
posed the use of microwave energy for the curing of cementitious
materials. Compared to conventional techniques, the curing period
of the microwave method is much shorter than in the steam curing
and autoclave methods [45]. However, as with the steam curing
method, a specially manufactured expensive mold, consisting of
microwave equipment, should be applied to the system [27,42].

Electrical curing is the most advanced accelerated curing tech-
nique among all others, providing ease of construction. Its effects
are evidenced in various experimental studies [43]. Meanwhile,
this method utilizes the internal water in the concrete in a fresh
state, for which the electrical resistivity is reduced to as low as
5000X�cm, and it inevitably requires a power supply of more than
500W, as reported inWilson and Gupta [43] in case that the size of
specimen is 150 mm � 150 mm � 150 mm. Additionally, the elec-
trical resistivity dramatically increases as the internal water evap-
orates [43], and debonding is unavoidable at the interface between
the electric coils and the cement paste, where the heat is trans-
ferred [12], indicating that the expected performance does not
greatly exceed those by existing technologies and that the applica-
tion of this method for mass concrete remains challenging [21].

Metallic electrical conductivity and the high aspect ratio of CNT
were shown to be capable of creating a conductive pathway within
a cementitious composite incorporating less than 1.0 wt% of CNT
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Fig. 1. A schematic description of the Joule heating mechanism.
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and increasing the electrical conductivity of the composite by a
factor of 104–105 [49]. Applying voltage to the composite with
inherited high electrical conductivity results in Joule heating by
the flow of electrons through the electrical conductive network,
as shown in Fig. 1 [42]. The heat generated by Joule heating can
be expressed as Eq. (1) [42,5],

Q ¼ V2t
R

ð1Þ

where Q denotes the heat generated by the input voltage (V) during
time (t) and R denotes the electrical resistance of the conductor
(e.g., the CNT/cement composite block) [5]. It is evident from Eq.
(1) that lower electrical resistance of the composite leads to greater
generation of heat. That is, lower electrical resistivity, which is pro-
portional to the electrical resistance, leads to more efficient heat
generation [23]. The detailed heating characteristics of CNT/cement
composite block were investigated in a recent study conducted by
Kim et al. [23].

In the present study, an accelerated curing of cement mortar
with electrically conductive CNT/cement composite block is pro-
posed. An electrically conductive CNT/cement composite block
was placed in the middle of cement mortar samples. Copper wires
connected to the composite block were extended to a DC power
supply. The heating and electrical characteristics of the composite
block and the specimen, and the compressive strength of the spec-
imen were investigated. In addition, mitigation level of thermal
crack in concrete with the CNT-embedded cementitious compos-
ites is numerically investigated. Based on the experimentally
obtained material constants, a series of thermal analysis were car-
ried out.

2. Experimental program

2.1. Sample preparation

Heating characteristics of CNT/cement composite block
reported by the authors are briefly recapitulated below. The CNT/
cement composite block with the CNT content of more than 0.3%
had significantly reduced electrical resistivity, exceeding the per-
colation threshold for the creation of an electrical conductive path-
way and the composites with the CNT content of 2.0% reached a
temperature of 70 �C within 30 min [23]. The influence of a cyclic
heating on the heat-dependent mechanical characteristics of the
composites was also addressed by measuring the compressive
strength of a sample [23]. The composite with a CNT content of
0.6% below experienced an increase in the compressive strength
by 30% due to additional hydration, while that with the CNT con-
tent of 1.0% above experienced damage to the matrix during the
cyclic heating process [23]. Consequently, composites with the
CNT content of 0.6% have shown the most outstanding durability
in terms of the heating performance. CNT/cement composite
blocks with the CNT content of 0.6% were thus prepared for accel-
erated curing of cement mortar in this study.

Type 1 Portland cement and silica fume were used as a binder.
The spherical particles of silica fume are capable of enhancing the
dispersion of CNT by penetrating into the CNT agglomerates and
reducing the van der Waals force [46,19]. The silica fume used
was a proprietary product of Elkem Inc. (EMS-970), with an aver-
age diameter greater than 5 lm. The Poly-carboxylic acid based
superplasticizer (GLENIUM 8008 made by BASF Pozzolith Ltd.)
used here served to control the workability and to improve the dis-
persion of the CNT particles in the cement matrix [24]. In a previ-
ous study conducted by the authors, a lower water content in the
composite was found to yield higher continuity in the CNT parti-
cles, thus enhancing the conductive pathways [23]. That is, the
use of water is to be minimized while the workability is to be
achieved via the dominant use of a superplasticizer. The multi-
walled carbon nanotubes with a purity level of 95% were a propri-
etary product of Hyosung Inc. Korea, and were produced by the
thermal chemical vapor deposition (CVD) growth method [13].
The length and diameter of the CNT were approximately 10 lm
and 12–40 nm, respectively [47].

A CNT/cement composite block was produced on the basis of
the previous study conducted by the authors [23]. It had a CNT
content of 0.6% by weight of the cement. The mix proportion and
geometry of the composite block are given in Table 1 and Fig. 2
(a), respectively. The dimensions of the composite block were
25 mm � 25 mm � 25 mm. Silver paste (Nanonix Inc., Korea) was
applied onto two copper electrodes prior to inserting into the com-
posite block as means to enhance the contact between the cement
paste and the electrodes [41,40,33]. The height and width of the
electrodes were 45 mm and 10 mm, respectively. The electrodes
were inserted into the composite block at an interval of 10 mm.
The details regarding the mixing procedure can be found in Kim
et al. [23].

The mix proportion and the geometry of a cement mortar sam-
ple in which the composite block was placed for the proposed cur-
ing are shown in Table 2 and Fig. 2(b), respectively. The cement
mortar sample was a mortar with the w/c of 0.4. The specific grav-
ity of the sand used in the mortar was 2.5. The dimensions of the
cement mortar sample were 100 mm � 200 mm, conforming to
ASTM C39 [4]. The fabrication procedure was as follows: Cement,
water and aggregate were stirred in a Hobart mixer for 5 min.
The mixture was poured into a cylindrical mold until half of the
mold was filled. The mold was then tamped with a tamping rod.
The electrodes inserted into the composite block were welded
with copper wires connected to a DC power supply. The composite
block was placed into the center of the cylinder and the mold was
completely filled with the mortar mixture, ensuring that the two
wires remain contactless (see Fig. 2(b)). Finally, the sample was
wrapped and cured at 25 ± 5 �C for the designated number of
hours.



Table 1
Mix proportion of CNT/cement composite block.

Sample Cement CNT Silica Fume Water Superplasticizer Target flow (mm)

CNT_0.6 100 0.6 10 28 2.0 110 ± 5

(a) CNT/cement composite block 

(b) Cylindrical mortar sample with the composite block  

Fig. 2. Geometry of the samples used in experiment: (a) the CNT/cement composite
block and (b) the cylindrical mortar sample with the composite block.

Table 2
Mix proportion of cylindrical mortar sample.

Mix proportions (specific gravity)

Cement Fine aggregates Water

2700 (3.10) 5400 (2.5) 1070 (1.0)

Table 3
Electrical resistivity of CNT/cement composite block.

Sample Electrical resistivity(X�cm)

Air dry Oven dry

CNT 0.6% 543.72(174.3) 560(175.52)

*Values in parentheses are standard deviations.
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Fig. 3. (a) Temperature increase in the composite block with varying input power
and (b) thermo-graphic images of composite block at a fixed input power (5 W) at
different time instants (Supplementary video material of Fig. 3 will be available in
the online version of the paper).
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2.2. Test methods

The electrical resistance values of the composite blocks were
measured by means of the two-probe method using a portable dig-
ital multimeter (Agilent Technologies, U1242A) and recorded man-
ually. The electrical resistivity was obtained by converting the
electrical resistance values recorded by a digital multimeter, as in
previous works [26,14,37]

q ¼ R
A
L

ð2Þ

where q denotes the electrical resistivity (X�cm), R is the electrical
resistance (X), A is the cross-sectional area of the samples in contact
with the electrodes (cm2), and L represents the distance between
the electrodes (cm) [26,6].

The current of the composite block was measured prior and
subsequent to the insertion into the cement mortar sample. A DC
power supply (PL-3005S) capable of applying input voltage by
30 V was used to provide input power to the composite block
and the composite block placed in the cement mortar samples,
and their electrical current values over the time were recorded
manually [36,39]. In addition, a K-type thermocouple was attached
onto the surface of the composite block and the cement mortar
samples, and was linked to a data logger (Agilent Technologies,
34972A) to record the surface temperature values. The cement
mortar sample with the embedded composite block was placed
in a commercial Styrofoam box to prevent the temperature from
decreasing by the diffusion of heat during the proposed curing.
In order to analyze a change in the microstructure of the composite
block induced by the proposed curing, the scanning electron
microscope (SEM) analysis was carried out by using Magellan
400 (FEI Co.). The specimens were immersed in acetone and then
desiccated for 48 h to arrest hydration and to remove internal
water in the composite [24]. In addition, the heat diffusion from
the composite block and through the cement mortar sample was
characterized using a thermo-graphic camera (VarioCam�hr, Infra-
Tec). The camera was set 25 cm away from the target sample, and
the sampling rate of the camera was set to 0.5 Hz.
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The cement mortar sample was demolded and the copper wires
were cut prior to a compressive strength test. The top surface of the
samples was ground to prevent concentrated loading during the
compressive strength test. The compressive strength test was con-
ducted in accordance with ASTM C39 [4]. A universal testing
machine (UTM) with a load cell of 3,000 kN was used for the test.
The displacement rate was fixed at 0.02 mm/s. Three samples were
tested, and the average values were calculated.

3. Heat generation and electrical characteristics of the CNT/
cement composite block

3.1. Heat generation characteristics of the composite block

A total of six CNT/cement composite blocks with CNT of 0.6 wt%
were produced in the present study. Their electrical resistance val-
ues are shown in Table 3. The average air-dried and oven-dried
electrical resistance level were almost similar. Kim et al. [23] sta-
ted that a CNT/cement composite block with a CNT content below
the percolation threshold experiences reduction in the continuity
among CNT particles and increase in the electrical resistivity due
to internal water evaporation [23]. That is, the conductive pathway
in the composite was continuous and the electrical resistivity of
the composite block was unaffected by the evaporation of the
internal water.

The surface temperature of the composite block as a function of
the input power is shown in Fig. 3(a), showing a linear relationship.
As evidenced in the previous study conducted by the present
(a) 

(b) 
Fig. 4. (a) General form of temperature curve for electrical curing in previous
studies [43] and (b) Temperature curve of mortar samples with composite block.
authors, control of the input power is an effective means of con-
trolling the temperature [23]. However, it is also reported in our
previous study that the electrical resistivity of CNT/cement com-
posite increased during heating [23]. Therefore, the input voltage
applied to the composite block in the present study was varied
to ensure a constant input power. A thermal infrared image of
the surface of the composite block supplied with an input power
of 5 W is shown in Fig. 3(b). The temperature diffusion of the com-
posite block became nearly saturated to the surface within 30 min.

3.2. Heat generation and electrical characteristics of the composite
block placed in cylindrical mortar specimen

A general form of temperature curve for electrical curing
reported in previous studies is shown in Fig. 4(a) [43]. The curve
is divided into four regions as follows: (a) the first region is before
the supply of input power and is termed as a setting period in
which a sample is cured under ambient conditions. (b) The second
region is a heating period where the temperature begins to
increase as the input power is supplied. (c) The third region is an
isothermal period where the increased temperature is maintained,
and (d) the fourth region is the last phase of the curing regime and
is termed a natural cooling period where the temperature gradu-
ally decreases.

The temperature curve of a composite block placed in a cement
mortar sample is shown in Fig. 4(b). It should be noted that while
all regions are denoted, the setting period is excluded from the fig-
ure. The setting period determines whether the matrix of a cemen-
titious material can resist the thermal stress developed during the
course of the curing. Accordingly, the setting period was varied;
the P-1 sample denotes a cement mortar sample with a setting per-
iod of 1 h, while the P-6 sample denotes that with 6 h. The temper-
ature curve of the P-1 and P-6 samples were similar in terms of the
(a) 0 sec (b) 900sec

(c) 2700 sec (d) 3600 sec

Fig. 5. Thermo-graphic images of P-6 sample at 5 W after (a) 0 s, (b) 15 min, (c)
45 min, and (d) 60 min.
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shape with the general form of a temperature curve, as shown in
Fig. 4(b). A temperature increase was observed for a period of 4 h
immediately after the supply of input power and an isothermal
period was thereafter observed until 12.5 h. Lastly, a cooling period
was observed, during which the temperature gradually decreased.

A thermo-graphic image of the P-6 sample in which a composite
block was placed in the mid-plane and supplied with an input
power of 5 W as a function of time, is shown in Fig. 5. It was noted
that the temperature increased from the center of the sample
where the composite block was located. Furthermore, the heat dif-
fused toward the surface and the temperature of the entire sample
increased. That is, the heat diffusion from the composite block was
appropriate such that it reached the outer surface of the sample.
Fig. 6. Fractional change in electrical resistance of composite blocks placed in
mortar sample.

(a) 

(b) 
Fig. 7. SEM images of the composite block: (a) without the proposed curing and (b) with the proposed curing.

Fig. 8. Input power applied to composite block for curing of mortar sample.

Fig. 9. Compressive strength test result of mortar samples with CNT/cement
composite block at 24 h.



(a)        (b) 

(c)        (d) 
Fig. 10. (a) FE modeling for thermal analysis of the present curing method and the
representative half-cut contour plots of (b) temperature distribution, (c) heat flux,
and (d) thermal strain.

(a) 

(b) 
Fig. 11. Geometry and associated FE modeling of numerical exa
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Note that the sample was uninsulated for thermal image analysis;
thus, the temperature increase was less than the increases noted
for the insulated and electrically cured samples.

Fig. 6 shows the fractional change in the electrical resistance of
HP-1 and HP-6, which were composite block placed in P-1 and P-6,
respectively. In the present study, the electrical resistance of the
composite block increased by 1000% after heating. This increase
far exceeds that observed in a previous study conducted by the
present authors [23]. Meanwhile, such an increase in the electrical
resistance was presumptively attributed to the pore solution of the
mortar infiltrating into the composite block during the proposed
curing process. Fig. 7 shows the change in the microstructure of
the composite block induced by the proposed curing. In Fig. 7(a),
CNT particles were shown to be effectively dispersed in hydrates
and partially unreacted silica fumes were observed. In contrast,
partially unreacted silica fumes were not observed in Fig. 7(b),
indicating the occurrence of further hydration during the proposed
curing. The additional hydration possibly occurred by the unhy-
drated materials in the composite as well as the reactive compo-
nents in the pore solution of mortar which filtrated into the
composite. The additional hydration possibly interrupted the con-
tinuity of the electrical conductive pathway that had already
formed in the composite block [7,31]. The electrical resistance
increase in HP-6 during the heating period was more sudden and
larger than that in HP-1. It is probably attributed that a part of
the input power supplied to P-1 was consumed to evaporate the
free water, occurring an endothermic reaction [8]. That is, the
hydration degree of the infiltrated pore solution may have been
lower in P-1 than in P-6 [8]. The evaporation of free water was also
mples: (a) mass concrete block [10] and (b) RCC dam [22].
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responsible for the lower temperature and shorter isothermal per-
iod of P-1 in comparison with those of P-6 [8].

The designated input power and the recorded input power
applied to the composite blocks are shown in Fig. 8. The designated
input power was to start with 4 W, to increase to 7 W in 1.5 h, and
to maintain it thereafter. The heating rate was fixed at 6.0 �C/h in
this study by gradually increasing the input power as a rapid
increase in the temperature may induce excessive thermal expan-
sion in the cementitious matrix [43,9]. Previous studies recom-
mended a heating rate lower than 20 �C/h during the heating
period [9,43]. The input power applied to HP-1 and HP-6 was
designed to remain at 7 W; therefore, the isothermal period was
retained. Nonetheless, the input power of HP-1 and HP-6 after
10 h gradually decreased. This was due mainly to the input voltage
capacity of the DC power supply which was limited at 30 V and the
drastic increase in the electrical resistance of the composite block.
That is, the increase in the electrical resistance of composite block
lead to reduction in the current passing through it and the input
voltage control was unable from that point onward. This resulted
in a decrease in the temperature of P-1 and P-6 after 12.5 h.

3.3. Mechanical properties of the cylindrical specimen with composite
block

The compressive strength of cement mortar samples with the
proposed curing for 24 h is shown in Fig. 9. The test result showed
that the compressive strength of the sample with a setting period
of 6 h (P-6) was the highest. The compressive strength of P-6
increased more than 40% compared to that of normally cured sam-
ple. The compressive strength of P-1 was slightly lower than that of
(a) 

(b) 
Fig. 12. FE simulation results to illustrate the effectivity of the proposed curing
method on the mass concrete [10]: (a) the representative temperature distributions
and (b) the predicted thermal strain.
P-6. It is reported in previous studies that electrically cured cemen-
titious materials exhibit the most outstanding strength when the
setting period is 4–6 h [9,43]. This is due to the fact that electrical
curing carried out earlier than 4–6 h can result in a thermal expan-
sion which damages the cementitious matrix [21]. Heritage [21]
reported that the thermal expansion coefficients of water, air,
aggregate and cement paste in a mortar at a fresh state are all sig-
nificantly different. Therefore, differential thermal expansion in the
materials occurs when the mortar is heated, increasing the poros-
ity of the mixture and reducing the strength [21]. This phe-
nomenon elucidates why the compressive strength of P-1 was
lower than that of P-6; the matrix of P-1 was damaged by the dif-
ferential thermal expansion of the materials.
4. Reduction of thermal crack with CNT/cement composite
block: numerical analysis

Construction structures have become higher and larger in
recent years, and the application scopes of a massive hardening
concrete have, therefore, been a tendency to increase [38,3].
Despite the global economic crisis, megastructures have various
potential benefits including economic, social and space advantages
[32]. Therefore, the applicability of mass concrete is also expected
to increase in the future [2]. However, higher heat of hydration,
which leads to thermal cracking, is inevitably generated in mass
concretes at an early age [16].

In consideration of the present curing mechanism, it is believed
that the proposed curing method can be applied not only to accel-
erate curing but also to reduce thermal cracks in mass concretes. In
this section, therefore, a FE-based thermal analysis is conducted to
evaluate the potential for the application of the proposed method.
Based on the experimentally obtained material constants, a series
of thermal analysis of mitigation level of thermal crack in concrete
were carried out. First, the previously conducted experimental
conditions are reproduced in the FE model, and the relevant mate-
rial and model constants are then estimated by comparing the test
and simulation results.

Fig. 10(a) shows the three-dimensional FE model of the cement
mortar sample with the embedded composite block. To ensure a
simulation environment similar to the experimental environment,
the sample size and the composite block location were identical to
those in the experiment. The temperature levels of the ambient air
and the composite block are set to 25 and 40 �C, respectively. The
simulation results are shown in Fig. 10(b)–(d). The temperature
distribution and the heat flux are predicted similarly to the exper-
imental results as measured by a thermo-graphic camera and a
temperature sensor, respectively. Here, the material coefficients
of the thermal conductivity (k = 0.52 W/m) and the thermal expan-
sion (a = 10–5) are determined through comparisons between the
simulation and experimental data, which are not quite different
from those in the literatures [29,18,44,35,48]. Based on the simple
comparative study, the applicability potential of the proposed
technique on a larger scale is numerically investigated.

By applying the abovementioned material constants, thermal
analyses of two different cases are carried out, as shown in
Fig. 11. Here, a simple mass concrete block [10] and a roller-
compacted concrete (RCC) dams from Jaafar et al. [22] are consid-
ered in this study. FE simulation results to illustrate the effective-
ness of the proposed curing method on mass concrete are shown in
Figs. 12 and 13. The representative temperature distributions and
the predicted thermal strain of the simple mass concrete block
are exhibited in Fig. 12(a) and (b), respectively. It was found that
the proposed method leads to a uniform distribution of the tem-
perature in the concrete block, which reduces the temperature dif-
ference among the points (See, Fig. 13(b)). In addition, it is



(a) 

(b) 
Fig. 13. FE simulation results to illustrate the effectivity of the proposed curing method on the mass concrete [10]: (a) the representative temperature distributions and (b)
the predicted thermal strain.
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calculated that the generated thermal expansions uniformly
occurred in the mass concrete.

Fig. 13(a) and (b) present the effects of the proposed curing
method on the thermal characteristics of the RCC dam. Similar to
the previous thermal analysis, more evenly distributed tempera-
ture and thermal expansion results by the embedded composite
blocks result from the simulation. Furthermore, Tables 4 and 5
exhibit that the calculated thermal expansion values of the con-
crete structures in accordance with different exterior ambient
and composite block temperatures. In the Tables, it is found that
the temperature differences between ambient air and the heat of
hydration decreased with the application of the present technique,
and the amount of thermal expansion differences is also gradually
reduced. The thermal strain gap (De_T) that causes the thermal
Table 4
Simulation results of the FE-based thermal analysis (simple mass concrete).

Hydration heat
(Point 3, �C)

Temperature of
the composite
block (�C)

Exterior
temperature
(Point 1, �C)

Thermal strain
gap (DeT)
(D Point 2 �
Point 3, �10�4)

48 30 0 2.22
25 1.87
40 1.66

40 0 1.37
25 1.01
40 0.80

50 0 0.51
25 0.16
40 0.06
cracking of concrete was shown to be significantly reduced by
applying the proposed curing method, as shown in Tables 4 and 5.

The thermal cracking in concrete is generally known to mainly
occur due to the heat of hydration [15], and the extent of cracks are
severely elevated when the difference in the temperature between
interior and exterior of concrete increases [35]. The difference in
the temperature induces an inhomogeneous thermal expansion
of concrete, ultimately causing the thermal cracking. Hence, mini-
mization of the difference in the temperature within the concrete
is one of possible solution for the thermal cracking reduction
[38]. In accordance with the previous studies [38,15,35], it is also
known that the thermal strain gap (DeT) is the constant which
can be directly associated with the thermal cracking. The calcula-
tion results of the present thermal analysis suggest that the proper
Table 5
Simulation results of the FE-based thermal analysis (RCC dam).

Hydration heat
(Point 3, �C)

Temperature of
the composite
block (�C)

Exterior
temperature
(Point 1, �C)

Thermal strain
gap (DeT)
(D Point 2 �
Point 3, �10�4)

42 30 0 1.14
25 1.02
40 0.95

40 0 0.19
25 0.07
40 0.01

50 0 0.88
25 0.76
40 0.01
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utilization of the proposed curing method could contribute to
diminish the damage caused by thermal cracking.

Overall, the proposed method for accelerated curing has the fol-
lowing advantages compared to the previous curing methods such
as stream, microwave and electrical curing methods: 1) the uni-
form heat conduction can be ensured through adjusting the loca-
tion of composite block, 2) the heat loss can be minimized since
the heat generation is initiated from internal point of cementitious
materials and 3) the input power needed to the proposed curing
method is lower than that of the previous electrical curing method.

5. Concluding remarks

The present study investigated an accelerated curing method of
cement mortar with electrically conductive CNT/cement composite
block. An electrically conductive CNT/cement composite block was
placed in the middle of cement mortar samples and input voltages
were applied to the composite. The obtained result in this study
indicates that the electrically conductive CNT/cement composite
block is applicable to the cement mortar curing and reduction of
thermal cracking of massive concretes structures. The main find-
ings of the present study can be summarized as follows:

(1) The heating rate of the composite block embedded into the
cement mortar sample was fixed at 6.0 �C/h in this study
by gradually increasing the input power from 4W to 7W.
The surface temperature of the cement mortar sample
increased by approximately 50 �C in the isothermal period
and was maintained at this level until 12.5 h.

(2) The electrical resistance of the composite blocks in the
cement mortar sample increased by 1000% after the pro-
posed curing process. The electrical resistance increase of
the composite block placed in the cement mortar sample
with a setting period for 6 h was more sudden and larger
than the embedded into the cement mortar sample with a
setting period for 1 h.

(3) The compressive strength of the cement mortar sample with
a setting period of 6 h was highest. The compressive
strength of the sample increased more than 40% compared
to that of normally cured sample.

(4) In the finite element simulation, the proposed method leads
to a uniform distribution of the temperature in the concrete
block, which reduces the temperature difference among the
points. As a result, the expansion difference is also gradually
reduced.

It can be concluded that the proposed curing method is an effec-
tive means of accelerating the curing of concrete and decreasing
the occurrence probability of thermal cracks in massive concretes.
A further study is needed to investigate the effect of the proposed
curing method on the working strength of cementitious materials,
associated with the mechanical properties in a service condition.
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